Objective: Adrenomedullin (ADM) plays an important role in inflammation and is a marker of future cardiovascular events. We studied common single nucleotide polymorphisms (SNPs) in the gene encoding ADM and their relationship with the plasma levels of ADM and other inflammatory markers. Design and methods: Plasma ADM, interleukin 6 (IL6), fibrinogen, and C-reactive protein (CRP) were measured in 476 subjects from the population-based Hong Kong Cardiovascular Risk Factor Prevalence Study-2. Four tag SNPs in ADM were genotyped. Results: Plasma ADM level increased with decreasing plasma IL6 level (bZK0.116, PZ0.014). Plasma ADM level was not related to plasma levels of CRP and fibrinogen, and other clinical characteristics, except age (PZ0.049). The four SNPs, rs3814700, rs11042725, rs34354539, and rs4910118, had minor allele frequencies of 31.1, 28.7, 33.8, and 23.4% respectively. Carriers of the minor allele of rs4910118 had a mean plasma ADM level that was 10.5% (95% confidential interval: 2.5-17.8%) lower than the non-carriers (bZK0.115, PZ0.011). Haplotype analysis revealed a similar significant association with plasma ADM (PZ0.040). In multivariate analysis, the presence of the minor allele of rs4910118, but not plasma IL6, was independently associated with plasma ADM (PZ0.010). Conclusion: Plasma ADM correlates with plasma IL6 level, consistent with its role in inflammation. It is related to an SNP common in Chinese, independent of other covariates. ADM genotype should be included in future studies of cardiovascular risk prediction.
Introduction
Adrenomedullin (ADM) is a vasodilatory peptide that acts directly via cAMP and indirectly via endothelial nitric oxide (1) (2) (3) . The gene ADM, located on chromosome 11p15.4, encodes prepro-ADM that is then processed to the circulating form of ADM by posttranslational modification (1) (2) (3) . ADM is an adipokine (3) and is expressed in many different tissues, including adipose tissue, adrenal medulla, lung, heart, and kidney (1) (2) (3) (4) . Its plasma level is elevated in obesity (5-7), hypertension (8, 9) , renal failure (8, 9) , type 2 diabetes (10) (11) (12) , and congestive heart failure (8, 13) . ADM also plays an important regulatory role in both acute and chronic inflammation (14) (15) (16) . Recent studies have suggested that high plasma levels of ADM or pro-ADM are predictive of the progression of chronic kidney disease (17) , mortality after septic shock (18) , and cardiovascular diseases or events (19) (20) (21) .
Given the potential role of ADM as a biomarker of cardiovascular diseases or events, it is essential to investigate the factors that may affect plasma ADM. However, there are no systematic studies on the relationship between genetic variants in ADM and plasma ADM. Besides genetic factors, there are other factors that may affect plasma ADM. Plasma ADM may be related to plasma interleukin 6 (IL6) due to the presence of a nuclear factor for IL6 expression (NF-IL6) binding site in the ADM gene promoter (22) . As IL6 regulates the hepatic production of C-reactive protein (CRP) and fibrinogen (23) , plasma ADM may also be related to these acute phase proteins. However, the relationship between plasma ADM and these inflammatory biomarkers of cardiovascular risk is not well established. Therefore, we investigated the association of plasma ADM with common single nucleotide polymorphisms (SNPs) in ADM and plasma levels of IL6, CRP, and fibrinogen in Chinese (Hong Kong).
Materials and methods

Subjects
Plasma ADM was measured in 476 subjects randomly selected from the sub-cohort of 1375 subjects in the population-based Hong Kong Cardiovascular Risk Factor Prevalence Study-2 (24) . There was no significant difference in age, sex, and body mass index (BMI) between the subjects with and without measurement of plasma ADM (all PO0.05). All subjects gave written informed consent. The study protocol was approved by the Ethics Committee of the University of Hong Kong. Details on the study protocols and the measurement methods of clinical parameters such as BMI, blood pressure, fasting glucose, insulin, homeostasis model assessment of insulin resistance index (HOMA-IR), high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and adiponectin have been described previously (24) (25) (26) (27) (28) (29) . Regular drinking was defined as alcohol drinking at least once a week. Regular exercise was defined as performing exercise for R30 min at least once a week in the past month. Smoking was defined as smoking cigarettes currently.
SNP selection and genotyping
Four SNPs (rs3814700, rs11042725, rs34354539, and rs4910118) in ADM were selected for genotyping as described previously (30) . Briefly, the two SNPs, rs3814700 and rs4910118, captured all of the four SNPs (rs4641466, rs4399321, rs3814700, and rs4910118) from 5 kb region upstream to 2 kb downstream of the gene in the HapMap Han Chinese (phase II data, release 24) with r 2 R0.8 and minor allele frequency (MAF) R5%. The other two SNPs, rs11042725 and rs34354539, were selected from the NCBI database based on their reported MAFs R5% in Asians. The SNP rs34354539 is an insertion-deletion variant and the minor allele is indicated by 'K'. Genotyping was performed using the MassARRAY system (Sequenom, San Diego, CA, USA) with the iPLEX assay in the Genome Research Centre, University of Hong Kong.
Measurement of plasma ADM and other biomarkers
Plasma sample was first extracted and then measured by RIA as described previously with slight modification (8, 16, 31) . Briefly, plasma immunoreactivity of ADM was determined by commercially available RIA kits from Peninsula Laboratories (Belmont, CA, USA) in 235 subjects and Phoenix Pharmaceuticals (Burlingame, CA, USA) in 241 subjects according to the manufacturers' instructions. One milliliter of plasma was acidified with 0.25 ml of 2 mol/l hydrochloric acid and centrifuged at 3500 g for 20 min. Supernatants were loaded onto Sep-Pak C18 cartridges (Waters Associates, Milford, MA, USA) that were activated with 100% methyl alcohol and double-distilled deionized water. Cartridges were subsequently washed twice with 3 ml 0.1% trifluoroacetic acid (TFA) and eluted with 3 ml 60% acetonitrite in 0.1% TFA. The eluates were then dried under vacuum overnight and resuspended in 250 ml RIA buffer. Standard ADM or assay sample (100 ml) was incubated overnight at 4 8C with 100 ml of rabbit anti-ADM antiserum.
125 I-ADM tracer (100 ml) was added to each tube and incubated for another 24 h. Using a goat anti-rabbit antiserum, antibody-bound ADM was precipitated and the radioactivity was measured in a gamma counter. A standard curve was constructed using serial dilutions of freshly reconstituted synthetic human ADM. The plasma level of ADM was expressed as picomoles per liter. Among 235 subjects with plasma ADM measured by RIA kits from Peninsula Laboratories, 15 had the measured level below the limit of detection (i.e. !4.10 pmol/l) and a level equal to the limit of detection divided by the square root of two was imputed (32) . Plasma fibrinogen was measured using a Cobas Fibro instrument (Roche Diagnostics) as described previously (33) . Plasma high-sensitivity CRP was measured with an in-house sandwich ELISA established in our laboratory as described previously (34, 35) . Plasma IL6 was measured by commercially available high-sensitivity ELISA kits (Bender MedSystems GmbH, Vienna, Austria). The IL6 ELISA method had a sensitivity of 0.02 ng/l, intra-assay coefficient of variation (CV) of 6.9%, and inter-assay CV of 8.0%.
Statistical analysis
Statistical analysis was performed using SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL, USA). Data were presented as meanGS.D. Variables with a skewed distribution were log-transformed before analysis and were presented as geometric mean (95% confidential interval (CI)). Haploview version 4.1 (Cambridge, MA, USA) was used to assess linkage disequilibrium (LD) (36) . Subjects homozygous for the minor allele were grouped with heterozygotes for comparison with those homozygous for the major allele to increase the sample size for comparison, assuming a dominant model of inheritance for the minor allele. Correction for multiple testing of four SNPs was performed using Bonferroni's method. Correction for testing of multiple phenotypes was not performed as the phenotypes tested were closely related to each other. Haplotype analysis was performed using the program PLINK (version 1.0.7) (37). Only haplotypes with frequency O5% were tested. An omnibus test was first performed to assess the global P value of the overall variation at the locus. The effect of each of the specific haplotypes was then estimated by comparing with all other haplotypes combined. To assess the independent association of plasma ADM with genetic variants and other plasma biomarkers, multiple linear regression analysis was used to adjust for age and sex in the initial model and then all other demographic and biochemical variables in the final adjustment model. For variables that were highly correlated, such as BMI and waist circumference, only one was entered into the model. As plasma IL6 and ADM were logtransformed in the regression analysis, regression coefficients were converted to the percentage changes for easy interpretation. Table 1 shows the clinical characteristics of the subjects according to the tertiles of plasma ADM. There was a marginally significant trend of decreasing age with increasing tertiles of plasma ADM (bZK0.089, PZ0.049). Plasma IL6 decreased significantly with increasing tertiles of plasma ADM (bZK0.116, PZ0.014). The mean change in plasma IL6 per tertile of plasma ADM was K11.9% (95% CI: K20.3, K2.6) after adjusting for age and sex. The association of plasma ADM tertiles with plasma IL6 remained significant after further adjusting for BMI, HOMA-IR, HDL cholesterol, triglycerides, plasma adiponectin, CRP, fibrinogen, current smoking, regular drinking, and regular exercise (bZK0.135, mean % change (95% CI) per tertile of plasma ADMZK28.9 (K43.9, K9.9), PZ0.005). Plasma ADM did not correlate with other clinical characteristics or biomarkers, including plasma CRP and fibrinogen (PO0.05).
Results
The MAFs of the four SNPs, rs3814700, rs11042725, rs34354539, and rs4910118, were 31.1, 28.7, 33.8, and 23.4% respectively. None of these SNPs showed significant deviation from Hardy-Weinberg equilibrium (PO0.05). The three SNPs, rs3814700, rs11042725, and rs34354539, showed moderate-to-high pairwise LD with each other (r 2 Z0.747-0.891). As shown in Fig. 1 , the SNP rs4910118 was significantly associated with plasma ADM (bZK0.115, PZ0.011). The presence of the minor T allele of rs4910118 was associated with a K10.5% (95% CI: K17.8, K2.5) change in plasma ADM after adjusting for age and sex. In multivariate analysis, the presence of the minor allele of rs4910118, but not plasma IL6, was independently associated with plasma ADM (% change (95% CI)ZK11.0 (K18.5, K2.8), PZ0.010; Table 2 ). Figure 1 Association of SNPs with plasma adrenomedullin. The error bar shows the 95% CI of the mean. The SNP rs34354539 is an insertion-deletion variant and the minor allele is indicated by 'K'. P values were calculated using the log-transformed levels after adjusting for age and sex. *P value can pass multiple testing corrections (P!0.0125).
When haplotypes were constructed using rs3814700, rs11042725, rs34354539, and rs4910118, there were three haplotypes with frequency O5%, namely TC-C, CACC, and TC-T respectively (Table 3 ). Haplotype analysis revealed a similar significant association with plasma ADM (overall PZ0.040), in which haplotype TC-C was associated with higher level and haplotype TC-T was associated with lower level compared with all other haplotypes combined ( Table 3) . As there was a significant difference in plasma ADM between these two haplotypes, which differed only at the rs4910118 position, the association of rs4910118 with plasma ADM was independent of the haplotypic background (PZ0.011). Therefore, the overall haplotype association with plasma ADM was mainly contributed by rs4910118, but not other SNPs. Carriers of the minor allele of rs4910118 tended to have more regular exercise than the non-carriers (35.3 vs 25.4%, PZ0.018 after adjusting for age and sex). The SNP rs4910118 was not associated with other clinical characteristics.
Discussion
There have only been a few genetic association studies on ADM. These previous studies showed significant associations of SNPs or a microsatellite marker of cytosine-adenine (CA) repeat located at the 3 0 -end of ADM with essential hypertension, renal diseases, and dysglycemia (30, (38) (39) (40) (41) (42) . However, most of these studies have not examined the association of these genetic variants with plasma ADM. Only two studies have investigated the effect of the microsatellite marker of CA repeat on plasma ADM, but the results of both the studies were negative (39, 40) . Our study demonstrated for the first time that the common SNP rs4910118, with a MAF of 23.4%, was associated with plasma ADM in Chinese (Hong Kong).
Genetic variants such as rs11042725 have been reported to have functional effect on the promoter function of ADM (43) . The SNP rs4910118 is located at 762 bp downstream of the 3 0 -end of ADM. Using the program ssSNPer (44) , only one SNP (rs2923126) in the surrounding 1 Mbp region was found to be in high LD (r 2 Z0.925) with rs4910118 in the HapMap Han Chinese. The SNP rs2923126 is located in an intergenic region and the nearest gene is ADM (about 14.1 kb downstream from the 3 0 -end of ADM gene). Therefore, the causative variant should be located in the ADM gene region, although the possibility of a distant causative variant, which has not been genotyped in the HapMap project, cannot be excluded.
As ADM plays a role in inflammation, its plasma level may be associated with other inflammatory biomarkers such as IL6, CRP, and fibrinogen. In a study of patients with early rheumatoid arthritis, plasma ADM was associated with plasma IL6, but not with other inflammatory biomarkers such as CRP and tumor necrosis factor a (TNFa) (45) . In another study on subjects with two or more cardiovascular risk factors or diseases, plasma CRP increased with increasing tertiles of plasma ADM (21) . In our study of subjects drawn from the general population, a significant correlation of plasma ADM was found with IL6, but not with other biomarkers. This finding is consistent with our previous reports, showing that ADM possesses both pro-inflammatory and anti-inflammatory properties, interacts with cytokines during inflammation, and plays an important role in both initiation and propagation of inflammatory response (14, 15, 46) . For example, ADM expression is increased by inflammatory stimuli such as lipopolysaccharide (LPS), whereas it can also increase the secretion of cytokines such as IL1b and IL6, but reduce LPS-induced TNFa secretion (14) . Interestingly, ADM can reduce LPS-induced IL6 secretion from murine macrophages (47) and synoviocytes from patients with rheumatoid arthritis (48) . Therefore, the action of ADM on IL6 production may differ according to cell types or conditions. The promoter region in human ADM contains an NF-IL6 binding site, which regulates the basal expression of ADM (22) . The induction of NF-IL6 by LPS, IL1, IL6, and TNFa may explain the upregulation of ADM gene expression in infectious or inflammatory conditions (2, 15, 22, 46) . Nevertheless, in our study, the association of the SNP rs4910118 with plasma ADM was independent of plasma IL6 and conventional cardiovascular risk factors. ADM has been suggested as a novel target for drug discovery (49) . It has many diverse physiological functions, including neurotransmission, cardiovascular physiology, bronchodilation and pulmonary action, renal action, hormone regulation, electrolyte balance, reproductive physiology, growth regulation, and antimicrobial activity (49) . Its plasma level is raised in various diseases, such as hypertension, diabetes, myocardial infarction, heart failure, renal failure, systemic lupus erythematosus, rheumatoid arthritis, and systemic sclerosis (8-13, 16, 31, 44, 50) . The expression of ADM has also been observed in many tumor cell lines and malignant tissues (49) . Recent clinical studies have suggested ADM as a marker of chronic kidney disease and cardiovascular events. For example, elevated plasma level of the midregional fragment of pro-ADM (MR-proADM) was predictive of the progression of chronic kidney disease in a 7-year prospective study of 177 non-diabetic subjects (17) . In a study of 99 patients with septic shock, elevated plasma MR-proADM level also predicted the 28-day mortality (18) . In a study of 983 patients with acute myocardial infarction (AMI), plasma MR-proADM level was predictive of death or heart failure, especially in subjects with elevated plasma level of N-terminal pro-B-type natriuretic peptide, a well-studied prognostic marker of death and heart failure after AMI (19) . Moreover, plasma MR-proADM level could also predict incident cardiovascular and coronary events in a 12.8-year prospective study of 5067 subjects without cardiovascular disease (20) . In a Japanese prospective study of 121 patients at high risk of cardiovascular diseases, plasma ADM, but not CRP and adiponectin, predicted future cardiovascular events after a mean follow-up of 3.5 years (21) . Therefore, our identification of a common genetic variant influencing plasma ADM level may help to refine the relationship between plasma ADM level and future adverse events. ADM genotype should be determined in future studies of the prediction of cardiovascular risk using plasma ADM levels. Moreover, as genetic variants are less likely to be confounded by environmental factors, the SNP rs4910118, which is associated with plasma ADM, could be used as an instrumental variable in future studies to assess the causal role of ADM in different diseases using Mendelian randomization (51) .
In conclusion, plasma ADM is influenced by the SNP rs4910118 in ADM and correlates with plasma IL6 in Hong Kong Chinese. Further studies are needed to investigate how this SNP can affect plasma ADM.
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